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A METHOD AND APPARATUS FOR MEASURING RELATIVE, WITHIN-DIE 
LEAKAGE CURRENT AND/OR PROVIDING A TEMPERATURE VARIATION 
PROFILE USING A LEAKAGE INVERTER AND RING OSCILLATOR 

BACKGROUND 

[0001] An embodiment of the present invention relates to the field of 
integrated circuits and, more particularly, to measuring relative, within-die 
leakage current and/or providing a temperature variation profile. 
[0002] In integrated circuits, when a biased metal oxide semiconductor 
(MOS) transistor is turned off, a small leakage current flows through its drain to 
its source and substrate due to electron-hole generation, even when the gate to 
source voltage is zero. In deep sub-1 -micron processes, gate leakage current 
also becomes significant, and may even augment drain leakage. These leakage 
currents are a source of static current in complementary metal oxide 
semiconductor (CMOS) very large scale integration (VLSI) integrated circuits, 
even when their clocks are turned off. 

[0003] Among other factors, leakage currents are a function of device 
threshold voltage, channel length, supply voltage, and temperature. 
Manufacturing variations across a VLSI chip due to variations in doping, ion 
implantation, and lithography, for example, can cause both the threshold 
voltages and finished channel lengths of MOS devices to vary across the chip. 
Variations also occur between manufacturing wafers, lots, and revisions of any 
particular VLSI process. These variations can cause significant variations in 
leakage currents at different locations on a die. 
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[0004] Knowledge of leakage current variations across a die can help 
designers to take various actions to reduce leakage where needed, control the 
profile across the die and/or across process lots, perform tradeoffs between 
device speed and leakage, and correlate leakage current variation to 
manufacturing steps. 

[0005] For a different aspect of VLSI chip design, testing and operation, it is 
desirable to obtain a relatively accurate profile of temperature variations across a 
die during its operation. Having such a profile may enable identification of 
excessive temperature rises ("hot spots") across a die, and also may help to 
identify speed-limiting locations on the die during initial validation and testing, for 
example. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] Embodiments of the present invention are illustrated by way of 

example and not limitation in the figures of the accompanying drawings in which 

like references indicate similar elements, and in which: 

[0006] Figures 1 A, 1B, 2A, 2B, 2C and 2D are schematic diagrams 

showing exemplary leakage inverters of various embodiments. 

[0007] Figures 3 and 4 are schematic diagrams showing exemplary ring 

oscillators of one embodiment that may include one or more of the leakage 

inverters of Figures 1A and 1B. 

[0008] Figures 5 and 6 are schematic diagrams showing exemplary ring 
oscillator configurations that may be used to measure relative leakage for 
another embodiment. 

[0009] Figures 7 and 8 are schematic diagrams showing exemplary ring 
oscillators of another embodiment that may be used, for example, to develop 
temperature variation profiles. 

[0010] Figure 9 is a high-level block diagram of a processor or other 
integrated circuit device that may include one or more of the ring oscillators of 
Figures 3, 4, 5, 6, 7 and/or 8. 

[0011] Figures 10 and 11 are schematic diagrams showing exemplary ring 
oscillators of another embodiment that include one or more of the leakage 
inverters of Figures 2A and 2B. 

[0012] Figure 12 is a flow diagram showing a method of one embodiment 
for testing within-die temperature variation. 
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[001 3] Figures 1 3 and 1 4 are schematic diagrams showing exemplary ring 
oscillators of another embodiment that include one or more of the leakage 
inverters of Figures 2C and 2D. 
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DETAILED DESCRIPTION 

[0014] A method and apparatus for detecting leakage current and/or 
temperature variations on an integrated circuit die are described. In the following 
description, particular types of integrated circuits, circuit configurations, system 
configurations, etc. are described for purposes of illustration. It will be 
appreciated, however, that other embodiments are applicable to other types of 
integrated circuits, circuit configurations and/or system configurations. 
[0015] For one embodiment, a leakage inverter circuit has a switching delay 
in one direction that is directly proportional to the drain leakage current of either 
an n-type metal oxide semiconductor (nMOS) or p-type metal oxide 
semiconductor device (pMOS), depending on its configuration as described in 
more detail below. The leakage inverter includes an n-type and a p-type device, 
wherein, during operation, an input signal is received at a gate of a first one of 
the devices and the gate of the second device is coupled to receive a supply 
voltage, also referred to herein as a bias voltage, that causes the gate to source 
voltage Vgs of the second device to be below its threshold voltage. 
[0016] A leakage inverter of another embodiment may instead be 
configured such that both the source and drain of the second device are coupled 
to receive the same supply voltage and the gate of the second device is coupled 
to the drain of the first device and the output node of the inverter. A leakage 
inverter of still another embodiment may have the source and drain of the 
second device coupled to the drain of the first device and the gate of the second 
device may be coupled to receive a supply voltage. The leakage inverter of such 
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embodiments has a switching delay in one direction that is directly proportional 
to the gate leakage current of the second device. 

[0017] A leakage ring oscillator according to one embodiment includes an 
odd number of inverters including at least one leakage inverter. For one aspect, 
the frequency of oscillation of the leakage ring oscillator is directly proportional to 
local device leakage and inversely proportional to node capacitance. For 
another aspect, a leakage ring oscillator may be used to indicate temperature 
variation. Thus, by providing various leakage ring oscillators across a die 
according to one embodiment, relative leakage current and/or thermal variations 
can be measured. Details of these and other embodiments are provided in the 
description that follows. 

[0018] Figure 1A is a schematic diagram of a leakage inverter 100 of one 
embodiment. The leakage inverter 100 includes a p-type transistor 105 having a 
gate coupled to receive an input signal over a signal line 110. The leakage 
inverter 100 also includes an n-type transistor 115 coupled to the p-type 
transistor 105 as shown. A gate of the n-type transistor 1 15 is coupled to receive 
a supply voltage Vgn that causes its gate to source voltage Vgs to be less than 
the threshold voltage Vt for the device 1 1 5. For one embodiment, the gate of the 
transistor 115 may be directly coupled to its source. An output signal is provided 
at an output node 120. The leakage inverter 100 may be referred to herein as 
an n-type drain leakage inverter, because the operation of the leakage inverter 
100 depends on the drain leakage current of the n-type device when the input 
signal is high. 
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[0019] Figure 1B is a schematic diagram of a complementary leakage 
inverter 150, which may be referred to herein as a p-type drain leakage inverter. 
The inverter 150 includes a p-type device 155 having its gate coupled to receive 
a supply voltage Vgp that causes the gate to source voltage Vgs of the device 
155 to be less than the threshold voltage Vt of the device 155, and an n-type 
device 165 coupled to receive an input signal over a signal line 160. As for the 
n-type device, for one embodiment, the gate of the p-type device 1 55 may be 
coupled directly to its source for one embodiment. 

[0020] Referring to the n-type leakage inverter 100 for purposes of example, 
in operation, under certain device sizing considerations discussed in more detail 
below, when the input signal IN at the input 1 1 0 is a logical 0 (or ground), the p- 
type transistor 105 turns on causing the voltage at the output node 120 to 
transition to a logical 1 (or Vcc). When the input signal IN then transitions to a 
logical 1 , the p-type device 105 turns off and the leaky n-type device 1 15 slowly 
dissipates the charge at the output node 120 until the output voltage becomes 
nearly 0. In this manner, the circuit 100 operates as an inverter: The logical 
value at the output 120 of the leakage inverter 100 is the opposite of the logical 
value at the input 1 1 0 after a certain time delay that is typically longer than the 
delay of a conventional CMOS inverter for at least one transition direction. 
[0021] For one embodiment, in order to provide for proper operation of the 
leakage inverter 100 as described herein, certain relative device sizes and 
relationships may be observed in designing the leakage inverter 100. 
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[0022] First, for example, for one embodiment, the leakage inverter 100 is 
designed such that the leakage current of the n-type device 1 15 is significantly 
stronger than that of the p-type device 105 when both are in an off state (i.e. the 
signal at the input 1 10 is a logical 1 ). This may be achieved by selecting the 
width Wn 1 of the n-type device to be many times larger than the width Wp of the 
p-type device and selecting the channel length Lp of the p-type device 105 to be 
longer than the process minimum. By designing the circuit 100 in this manner, 
the switching time of the p-type device 105 is much smaller than that of the 
leakage-based downward switching delay of the node 120. This is because, as 
the channel length of the pMOS 105 device is made longer, its leakage drops 
exponentially, while its normal switching speed drops only linearly. Thus, by 
making the pMOS device 105 bigger (wider), its fast switching speed relative to 
the leaky nMOS device 115 may be restored, and its leakage may be kept 
relatively small compared to the nMOS device 115. 

[0023] In selecting the relative widths Wn 1 and Wp of the n-type and p-type 
devices, respectively, the ratio of Wn 1 to Wp depends on, for example, the 
desired accuracy of the leakage measurement and the expected degree of on- 
die leakage variation. Further, at an outer boundary, the selected relative widths 
Wn 1 and Wp should not cause the n-type device to dominate to the extent that 
the output node 120 cannot be pulled up when the p-type device 105 is enabled. 
[0024] Second, the channel width Wn 1 of the n-type device 1 1 5 is selected 
to be large, i.e. many times the minimum width, to improve the accuracy of the 
relative measurement of leakage current per unit of leaky device channel width 
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and to reduce corner effects. For embodiments for which the n-type device 1 1 5 
is multi-legged, each leg of the device may be several times the minimum width, 
but less than the specified maximum dimension for a leg. For other 
embodiments, the legs may be at or only a few times the minimum width where 
narrow devices exhibit different leakage per unit of width than wider devices. 
[0025] Third, the strength of the p-type device (Wp/Lp) is selected to be 
sufficient to pull up the output node 120 relatively quickly when the value at the 
input 1 10 is a logical 0 and to overcome, easily, any down pull exerted by the 
leaky n-type device 1 1 5. The selected strength for a particular leakage inverter 
may depend on several factors including the overall goals of the design. For 
current processes, this strength is relatively easy to attain because drain leakage 
current is on the order of about 1/1000 of normal channel "ON" current. It will be 
appreciated that this value may change with future processes. 
[0026] The up-switching delay of the inverter 1 00 is a function of the total 
output node 120 capacitance, and the pull-up (ON) current of the PMOS device. 
The down-switching delay is a function of the same node capacitance, and the 
drain leakage current of the leaky n-type device. 

[0027] Following the above-described sizing guidelines, it is possible to 
design the circuit 100 such that the pull-up delay is very small relative to the pull- 
down delay. For example, the n-type and p-type devices 1 15 and 105, 
respectively, may be sized according to the above constraints in such a way as 
to make the pull-down delay many tens of times slower than the pull-up delay. 
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[0028] While the operation and sizing considerations of a leakage inverter of 
one embodiment are described above in reference to the n-type leakage inverter 
100, it will be appreciated that the p-type leakage inverter 150 operates in a 
similar, but complementary manner. Further, it will be appreciated that similar, 
but interchanged (i.e. adjusted for complementary device types) device channel 
width and length sizing considerations apply to the p-type drain leakage inverter 
150 for one embodiment. 

[0029] Figure 2A shows an n-type leakage inverter 200 of another 
embodiment. For the leakage inverter 200, the leaky device 21 5 is connected 
differently, such that the high-to-low transition delay of the inverter 200 is a 
function of the leakage current through the gate of the device 21 5, rather than 
the leakage current through its drain as for the embodiments of Figures 1 A and 
1B. 

[0030] For the leakage inverter 200, the gate of the leaky device 21 5 is 
connected to the output node 220, while the drain and the source of the leaky 
device 21 5 are both grounded. For this embodiment, the gate of transistor 21 5 
is designed to be large enough such that it possesses appreciable gate leakage 
current capability, which maintains the remaining device sizing considerations 
previously enumerated in reference to the embodiments of Figures 1 A and 1B. 
[0031] Depending on the characteristics of the particular fabrication 
process, the gate of the leaky device may be a one- or a multi-fingered 
implementation, where each finger has a channel length substantially equal to 
the standard minimum channel length for the process. For other 
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implementations, it may be more desirable to save layout room, and to design 
the gate such that it has a channel length much longer than the minimum, 
thereby building up gate area substantially and increasing the gate leakage 
current to the point at which it becomes large enough to enable the inverter 200 
to operate with the desired transition delay. 

[0032] Figure 2B is a schematic diagram illustrating a p-type leakage 
inverter 250 of another embodiment that is similar, but complementary, in 
configuration and operation to the leakage inverter 200 of Figure 2A. The 
leakage inverter 250 includes a leaky p-type device 265 coupled as shown. 
Similar, but complementary, sizing considerations apply to the leakage inverter 
250. 

[0033] Figures 2C and 2D are schematic diagrams showing n- and p-type 
leakage inverters, 270 and 280, respectively, of still another embodiment. The 
leakage inverters 270 and 280 are similar to the leakage inverters of Figures 2A 
and 2B, respectively, except that the leaky transistors are coupled in a different 
manner. 

[0034] More specifically, referring to Figure 2C, the leaky transistor 275 has 
its source and drain coupled to the drain of the first device and its gate coupled 
to ground. Similarly, the leakage inverter of Figure 2D includes a leaky 
transistor 285 having its source and drain coupled to the source of the first 
device and its gate coupled to Vcc. Sizing considerations for the devices of the 
leakage inverters of Figures 2C and 2D may be similar to sizing considerations 
for the leakage inverters of Figure 2A and 2B. 
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[0035] Using the leakage inverters of Figures 2C and 2D, it may be 
possible for some embodiments, to more closely emulate the gate leakage of 
nearby devices as compared to other leakage inverter implementations. 
[0036] As described above, leakage inverters 100, 150, 200, 250, 270 and 
280 each provide an inverter function and have a delay in one signal transition 
direction that is dominated by leakage. Using one or more leakage inverters of 
various embodiments together with conventional gates, it is possible to design a 
ring oscillator to provide a signal having a frequency that is dominated by delays 
determined largely by leakage. 

[0037] Figure 3 is a schematic diagram of an exemplary leakage ring 
oscillator 300 of one embodiment that includes n-type leakage inverters 301-303 
that are similar in configuration and operation to the leakage inverter 100 
described above in reference to Figure 1 A. 

[0038] The leakage ring oscillator 300 includes 9 inverting stages, including 
the 3 leakage inverters 301 - 303. The three leakage inverters 301 - 303 have 
substantially negligible pull-up delays, but relatively long pull-down delays 
determined by their n-type transistors, each of which has its gate shorted to 
ground for this embodiment. It will be appreciated that, for other embodiments, 
the gates of one or more of the leakage inverters 301-303 may be coupled to 
receive a different voltage that provides a gate-to-source voltage Vgs less than 
the threshold voltage for the respective leaky device. 
[0039] Further, for other embodiments, a different number of leakage 
inverter stages may be used. For the exemplary embodiment described herein, 
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however, using more than three leakage inverter stages may make the 
frequency of the output signal from the leakage ring oscillator 300 inconveniently 
small and may not appreciably improve the accuracy of the leakage 
measurement. Conversely, at least three leaky stages may be recommended for 
the following reasons: 

[0040] If only one leaky stage is used, then the remaining even number of 
conventional CMOS inverters would need to have a zero-to-one transition time 
that is several (e.g. more than 5) times larger than the pull-up transition time of 
the p-type device in the single leakage inverter stage. In this manner, the worst 
within-die variation, which might cause this delay to be small, would still give the 
p-type device in the n-type leakage inverter enough time to charge the output 
node to Vcc. The problem, then, is that at high temperatures or for very short 
channel lengths, the pull-down leakage-based switching delay becomes much 
shorter due to increased leakage current. Further, the multi-stage CMOS delay 
subsequently becomes relatively comparable to the pull-down leakage-based 
switching delay, such that error may be introduced in any measurements that 
might be attempted to extract the temperature dependence of the leakage 
current, or leakage current variation around the die at high temperatures. 
[0041] If, instead, two leaky stages are used, then there would be an odd 
number of conventional CMOS inverters in the oscillator. This arrangement 
would cause one of the two leaky inverters to be driven by an odd number of 
stages, while the other leaky inverter is driven by an even number of stages. 
The result would be an asymmetric drive of the leaky inverter stages with 
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dissimilar waveforms. Further, one of the leaky inverters would be subject to the 
same situation as described above in which the p-type transistor must be given 
enough time to reach the respective supply rail. 

[0042] A leakage oscillator, such as the leakage oscillator 300 illustrated in 
Figure 3, that includes an odd number of at least three leaky inverter stages 
addresses the above issues to drive leaky stages symmetrically, and provide 
each of the leaky stages ample time for their output nodes to transition to the 
positive Vcc rail. In this manner, leakage measurements may be more accurate 
through a wider channel length range and/or through a wider temperature range, 
particularly when the temperature is high. 

[0043] With continuing reference to Figure 3, the remainder of the inverting 
stages for the exemplary leakage ring oscillator 300 includes conventional 
inverters 305-307 and NOR gates 310-312. The leakage ring oscillator 300 of 
one embodiment also includes two inverters 315 and 320 coupled in series to 
buffer an enable input 325 and two inverters 330 and 335 coupled in series to an 
output node 340 as shown. Dummy loads 345 and 350, equal in size to the 
output inverter 330, are coupled to the outputs of the inverter 305 and the 
inverter 307, respectively, to provide symmetric loads on all three sections of the 
oscillator. 

[0044] As shown in Figure 3, the exemplary leakage ring oscillator 300 
includes two conventional CMOS inverting gates between its leaky stages. For 
other embodiments, a different number of intermediate conventional CMOS 
inverting gates may be used. Two inverting gates between each of the leaky 



14 



gates may be beneficial for some embodiments because such a configuration 
does not allow the delays of the conventional inverting stages to be comparable 
to those of the leaky stages at high temperature. 

[0045] For the embodiment shown in Figure 3, one of the intermediate 
CMOS inverting stages between each of the leakage inverters is selected to be a 
NOR gate. In this manner, an enable signal received at the enable input 325 
can be used to selectively enable and disable the leakage oscillator 300. 
[0046] In particular, each one of the leakage inverter stages 301 - 303 is 
preceded by an associated enabling NOR gate 310-312, respectively. Using this 
approach, when the enable signal at the enable input 325 is de-asserted to 
disable the leakage oscillator 300, the outputs of the leakage inverters 301 - 303 
are all strongly driven to Vcc (i.e. substantially fully turned on) by the p-type 
transistor in the respective NOR gate 310-312 instead of being held down only 
by the leaky n-type gate. In this manner, the output nodes of the leakage 
inverters 301-303 are prevented from floating in case the design is faulty. 
Floating output nodes of the leakage inverters could drive standing currents in 
the subsequent inverters. 

[0047] The layout of the three output nodes of the leakage inverters 301- 
303 is designed to reduce coupling that might affect the nodes during the leaky 
transition of the output node discussed above. These oscillators may be 
operated when the host integrated circuit chip is quiet or active, as described in 
more detail below. 
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[0048] The ability to enable and disable the leakage ring oscillator when 
desired may be advantageous as compared to a free running oscillator in terms 
of power consumption. A free-running oscillator consumes power at all times, 
which may not be acceptable or desirable for many designs. A free-running 
oscillator may also create noise, albeit small, and may also be susceptible to 
multi-moding. 

f00491 With continuing reference to Figure 3, for proper operation of the 
leakage oscillator 300, the leakage oscillator 300 is designed such that, aside 
from node capacitance, the frequency of the oscillator is primarily sensitive to 
leakage and not to other device parameters in the CMOS inverter pairs, such as 
switching threshold. Inverting pairs comprising the intermediate conventional 
inverting stages 305 and 310, 306 and 31 1 and 307 and 312 determine the 
period of the oscillator 300 based on the position of the switching threshold of 
the first (and to some degree, the second) inverting stage in each pair, and the 
input gate capacitance of the first inverter. 

f00501 To help prevent excessive movement of the gate capacitance and 
the switching threshold level of the first inverting stage in each pair, the channel 
widths of the devices in the first inverting stages 305-307 in each pair may be 
designed to be appreciably larger than the minimum process device width for 
one embodiment. The channel lengths of these devices may also be made 
longer than the minimum finished channel length. 

r00511 Further, the switching threshold of the first inverting stage in each 
pair for some embodiments should, preferably, be skewed up toward the supply. 
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This can be achieved by making W"p larger than W"n and/or by making L"n 
longer than L"p. The reason is that if the detection threshold is left in the center 
or low, then intercepting the decaying exponential voltage at the respective 
leakage node where it is shallow, can be fraught with timing uncertainty 
(affecting the resulting oscillator frequency) whenever that threshold level varies 
due to device parameter variations. Shifting the threshold upwards helps 
intercept the decaying exponential where it is steep, thus reducing the timing 
uncertainty. 

f00521 Designing the oscillator 300 in this manner helps to reduce the 
effects of within-die variation of channel dimensions and channel doping and 
helps to stabilize the switching threshold level and input gate capacitance. As 
the channels are made longer, they begin to become a significant fraction of the 
node capacitance at the outputs of the leaky inverters 301-303 and detract from 
a true leakage measurement where oscillator frequency is proportional to the 
leakage per unit of leaky device channel width. It is not possible to make the 
node capacitance very highly dominated only by the leaky device drain 
capacitance since such a design would yield a very large leaky device (Wn'), but 
the design is directed to reducing the effects of other device parameters as 
described above within the constraints of the layout area, and the ability of the 
pull-up device to drive the node. 

f00531 For some embodiments, simulations may be used after manufacture 
to account, at least in part, for the gate capacitance. Because leakage variations 
are relatively large, however, any large frequency fluctuations in the oscillator's 
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output signal are more likely to be attributed to the leakage mechanism than to 
node capacitance variations. 

r00541 The switching delay at the outputs of the inverters 305-307 is long 
due to the fact that they are switched high by the relatively low slew rate of the 
respective preceding leaky stages 303, 301 and 302 as the n-type devices of 
these leaky stages pull the inputs of the inverters 305-307 towards ground. 
Thus, the second inverting stages 310-312 in each of the inverting pairs between 
leaky inverter stages 301-303 are also designed to have a switching threshold 
that is relatively insensitive to within-die variations of channel length and 
threshold voltage. This is accomplished by designing the channel widths and 
lengths Wn**, Ln** and Wp**, Lp** of the n-type and p-type devices, 
respectively, in the second inverting stages 310-312 to be appreciably larger 
than the finished process minima for these dimensions. 
f00551 It is further desirable for some embodiments to size the devices of 
the inverting stages 305-307 relative to the devices of the leakage inverters 303, 
301 and 302 such that the input capacitances of each of the inverting stages 
305-307 is smaller than that of each of the leaky stages 303, 301 and 302. For 
some embodiments, the devices of each of the inverting stages 305-307 are 
sized such that the input capacitance of the respective inverting stage is less 
than one tenth of the input capacitance of the associated leakage inverter stage. 
For other embodiments and/or processes, a different relative input capacitance 
value may be desirable. 
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[0056] For some embodiments, the devices of the NOR gates 310-312 are 
sized using close to standard CMOS sizing such that they are not so large as to 
cause signal transitions to slow down, but large enough such that their 
respective switching thresholds do not move much in response to variations in 
channel length and threshold. 

r00571 In operation, in response to an enable signal being asserted at the 
enable input 325, the leakage oscillator 300 is enabled, and an oscillating output 
signal is provided at the output 340. The frequency of the oscillating output 
signal, as discussed above, is directly proportional to the source-to-drain channel 
leakage current of the n-type devices in the leakage inverters 301-303, which 
indicates the corresponding leakage current of surrounding devices. 
r00581 Figure 4 is a schematic diagram of an analogous p-type leakage 
oscillator 400 that is configured and operates in a similar, but complementary 
manner. Design considerations for the devices in the p-type leakage oscillator 
400 are similar to those discussed above for the n-type leakage oscillator 300 of 
Figure 3, but adjusted for the complementary device types. 
r00591 Similarly, the leakage oscillator 400 provides an oscillating signal at 
an output 440 that has an oscillation frequency determined by the drain leakage 
current of leaky p-type devices in p-type leakage inverters 401-403 and node 
capacitances at the outputs of the leakage inverters 401-403. In other words, 
the frequency of the oscillating signal provided by the leakage ring oscillator 400 
is proportional to the drain leakage current of p-type devices in the leakage 
inverters 401-403. 
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[0060] For other embodiments, a similar ring oscillator may be provided 
using one or more of the gate leakage inverters of Figures 2A, 2B, 2C or 2D. 
Examples of such ring oscillators are shown in Figures 10, 11, 13 and 14, 
respectively. 

r0061l Figures 5 and 6 are schematic diagrams showing n-type and p-type 
leakage ring oscillators 500 and 600, respectively, of other embodiments. The 
leakage ring oscillator 500 shown in Figure 5 is similar in design and operation 
to the corresponding leakage ring oscillator 300 of Figure 3, except that the 
gates of leaky n-type devices of the leakage inverters 501-503 are coupled to an 
output of the inverter 520 to receive a delayed form of the enable signal 
(Enable# for one embodiment). For the complementary design shown in Figure 
6, the gates of leaky p-type devices of the leakage inverters 601-603 are coupled 
to an output of the inverter 615 to receive an inverted form of the enable signal. 
[0062] For the embodiments shown in Figures 5 and 6, when the Enable# 
signal is de-asserted to disable the leakage ring oscillators 500 and 600, the 
leaky devices of the respective leakage inverters 501-503 and 601-603 are 
turned on while the pull-up pMOS (Figure 5) or pull-down nMOS (Figure 6) 
devices are turned off. This configuration reduces the stand-by (off state) 
leakage current of the respective oscillator compared to the embodiments of 
Figures 3 and 4, in which the leakage inverters continue to leak and the 
respective pull-up pMOS/pull-down nMOS devices remain ON when the leakage 
ring oscillator is disabled. 
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r00631 When the Enable# signal is asserted, the gates of the leaky devices 
of the leakage ring oscillators 501-503 and 601-603 are coupled to the same 
supply voltages as their sources for this embodiment. 
f00641 Figure 7 is a schematic diagram showing a leakage ring oscillator 
700 of another embodiment that provides another possible application for the 
leakage inverter 100 of Figure 1. The leakage ring oscillator 700 includes only 
one leakage inverter stage 701 . Providing only one leakage inverter stage is not 
problematic in terms of the operation of the leakage ring oscillator 700 so long as 
the leakage ring oscillator 700 is used primarily for temperature measurements 
or for leakage measurements at low temperatures for the reasons discussed 
above. 

r00651 In addition to the leakage inverter 701 , the leakage ring oscillator 700 
includes a NOR gate 710 coupled to a gate of a p-type device of the leakage ring 
oscillator 701 , an inverter 706 coupled to an output of the leakage inverter 701 
and a chain 709 including an even number of static CMOS inverters. The chain 
709 of static CMOS inverters is designed to have an input-low-to-output-low total 
delay that is at least 5 or more times longer than the input-low-to-output-high 
delay of the leakage inverter 701 . Using this design criterion, the small p-type 
device of the leakage inverter 701 is provided ample time to fully drive the output 
of the leakage inverter to the supply rail, even with worst-case within-die delay 
variations. Other design criteria including relative device sizing considerations 
are similar to those discussed above in reference to Figures 1-4. 
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f00661 In operation, at low temperature, the delay of the single leaky stage 
oscillator 700 is dominated by the time it takes the leaky n-type device of the 
leakage inverter 701 to slowly drain the charge at its output. At higher 
temperatures, within the range of acceptable host chip operation, the leakage 
current increases dramatically, causing the leakage-based delay to become a 
smaller fraction of the oscillator's cycle time. At this point, the delay of the chain 
of inverters 709 becomes a more significant fraction of cycle time, about 15-20 
percent for some embodiments. Thus, the cycle time of the oscillator 700 output 
slowly departs from what it would have been had it been solely dominated by 
leakage, such that the oscillator 700 may provide inaccurate measurements of 
relative leakage current behavior at higher temperatures. This can be mitigated 
by measuring the phase of the oscillator output in which leakage is happening. 
Also, this does not, however, detract from the oscillator's capability to be used as 
a temperature probe, because proper calibration of its frequency versus chip 
temperature removes such non-ideal behavior. 

r00671 Figure 8 is a schematic diagram of a complementary version 800 of 
the leakage ring oscillator 700 of Figure 7 using a p-type leakage inverter 801. 
The leakage ring oscillator 800 is similar in operation and configuration to the 
leakage ring oscillator 700 with complementary design criteria. It will be 
appreciated that, for some embodiments, the leakage inverters 701 and/or 801 
of Figures 7 and/or 8 may, instead of having their gates connected to supply as 
shown, have their gates coupled to receive a different supply voltage that 
provides a sub-threshold Vgs as described earlier. 
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r00681 The leakage ring oscillators 700 and 800 of Figures 7 and 8 may be 
used to indicate local temperatures at various points around a die to provide a 
die temperature profile. 

r00691 For an alternative embodiment, similar leakage ring oscillators may 
be provided using one of the gate leakage inverters of Figure 2A or 2B instead. 
rt)0701 Figure 9 is a high-level block diagram of a host integrated circuit chip 
900 that includes a plurality of ring oscillators 905, only a few of which are 
identified with reference numbers, disposed at various locations around the chip. 
For the embodiment shown in Figure 9, one or more of the ring oscillators 905 
are leakage ring oscillators according to one or more embodiments described 
herein. Conventional ring oscillators may also be included along with the 
leakage ring oscillators 905. 

r00711 For one embodiment, the leakage ring oscillators 905 are located, to 
the extent possible, in a relatively regular grid across the die 900. For another 
embodiment, one or more of the leakage ring oscillators 905 may be selectively 
located near a region of interest. This may be a region that is particularly 
susceptible to leakage or that is particularly critical in terms of timing or 
temperature, for example. 

f00721 The ring oscillators 905 of one embodiment are arranged and 
coupled to chip inputs and outputs in the manner described in U.S. Patent No. 
6,535,013 entitled, "Parameter Variation Probing Technique" issued March 18, 
2003 to Samaan, one of the inventors of the present invention. Using the 
arrangement described in the referenced patent, ring oscillators 905, including 
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one or more ring oscillators according to one or more embodiments described 
herein, may be selectively enabled one at a time to provide temperature and/or 
leakage measurements in the manner described above. The outputs of ring 
oscillators 905 may be daisy-chained and coupled to an externally-accessible 
port or circuit such as a test access port (TAP) and/or control register system 
910 as described in the aforementioned patent. In this manner, results of ring 
oscillator measurements may be provided via, for example, a structural or 
functional VLSI (very large scale integration) tester or other output device (not 
shown) coupled to the chip 900. 

[00731 For one embodiment, where it is desirable to generate a temperature 
profile, many of the leakage ring oscillators 905 are implemented using one or 
more of the leakage ring oscillators of Figures 3-8, 10 and/or 1 1 . 
[00741 Referring to Figures 9 and 12, for one embodiment, prior to 
developing the desired temperature profile, a characterization process 1205 is 
performed to determine a correlation between leakage ring oscillator frequency 
and die temperature. To perform this characterization, with the chip quiet, its 
temperature may be set using, for example, a thermally controlled chuck or 
package on a test platform at block 1210. The frequency of each one of the 
leakage ring oscillators 905 is then measured at progressive temperature 
settings at block 1215. Based on the measured data, a table is then constructed 
at block 1220 identifying leakage oscillator frequency versus die temperature. 
This characterization is performed for each of the leakage inverters 905 that is to 
be used for temperature measurement. This characterization process may also 
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be applied to other types of ring oscillators, for example, that may be used to 
measure temperature or for other purposes. 

TO0751 Once the characterization process has been completed, during chip 
operation, or very shortly after the chip runs a test pattern and is turned off, 
before its temperature profile changes appreciably, a tester is used at block 1225 
to measure the frequencies of each of the indicated leakage ring oscillators. The 
table constructed during the characterization process is then used at block 1230 
to derive the temperature at the locale of the particular oscillator. 
f00761 For one embodiment, it is desirable to perform this test both shortly 
after the chip 900 is turned off and during operation of the chip 900 in order to 
determine whether the two tests yield the same temperature measurements. In 
this manner, it can be determined whether there has been any effect in terms of 
supply voltage (Vcc) droop to the leakage ring oscillators in the time period of 
interest. Simple thermal analysis and experiments can be used to show that the 
chip's temperature profile does not change appreciably within a certain time 
window following cessation of operation. The frequency of the leakage ring 
oscillators may then be measured during that time interval, when the chip 900 is 
quiet. 

r00771 It will be appreciated that for other embodiments, other actions may 
be taken and/or not all of the above-described actions may be performed or they 
may be performed as parts of different processes or methodologies. 
r00781 With continuing reference to Figure 9, for another embodiment, 
many of the leakage ring oscillators 905 may be instead, or additionally, be 
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implemented using one or more of the leakage ring oscillators of Figures 3-6 to 
measure relative leakage currents across the die 900 in a similar manner. 
r00791 According to one or more of the above-described embodiments, it 
may be possible to relatively accurately and easily measure leakage and/or 
temperature at desired locations across an integrated circuit die. Such 
capabilities may enable tracking of device leakage, for example, within a die, 
wafer and/or manufacturing lot and may be used to track process trends over 
time. 

r00801 Further, for some embodiments, the ability to measure chip 
temperature profiles accurately and easily may facilitate test and debug to 
identify hot-spots, maximum frequency limiting paths, and provide associated 
test patterns. 

100811 Thus, a method and apparatus for measuring relative within-die 
leakage currents and/or temperature variations using a leakage ring oscillator 
are described. In the foregoing specification, the invention has been described 
with reference to specific exemplary embodiments thereof. It will be appreciated 
that various modifications and changes may be made thereto without departing 
from the broader spirit and scope of the invention as set forth in the appended 
claims. The specification and drawings are, accordingly, to be regarded in an 
illustrative rather than a restrictive sense. 
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